The properties of zinc oxide (ZnO) nanotetrapod lasers are characterized by a novel ultrafast two-color pump/stimulated emission probe technique. Single legs of tetrapod species are isolated by a microscope objective, pumped by 267 nm pulses, and subjected to a time-delayed 400 nm optical injection pulse, which permits investigation of the ultrafast carrier dynamics in the nanosize materials. With the optical injection pulse included, a large increase in the stimulated emission at 400 nm occurs, which partially depletes the carriers at this wavelength and competes with the normal 390 nm lasing. At the 390 nm lasing wavelengths, the optical injection causes a decrease in the stimulated emission due to the energetic redistribution of the excited carrier depletion, which occurs considerably within the time scale of the subpicosecond duration of the injection pulse. The effects of the optical injection on the spectral gain are employed to probe the lasing dynamics, which shows that the full width at half maximum of the lasing time is 3 ps.
Introduction
For the past few years, the lasing characteristics in ZnO films [1, 2] and powders [3] have been widely investigated. These studies, along with the discovery and understanding of single nanowire lasers [4] , have led to a number of investigations pertaining to the growth and characterization of ZnO microcavity lasers [5, 6] . However, only a few studies have been reported on the dynamic response of ZnO microcavity lasers [7] , although such studies would afford excellent means to probe the carrier dynamics in the nanostructure lasers. In addition, the understanding of the response of the carrier distribution to the strong optical fields in semiconductor lasers is essential for optimizing the performance of these devices. While many important ultrafast laser experimental techniques are used to interrogate time-resolved semiconductor material dynamics, these methods have not been applied to single nanostructured devices as readily because of the low signal-to-noise ratios. The stimulated emission pump-probe method is a robust way to begin interrogating these nanostructures, which permits investigation of the lasing in fragile and difficult-to-access nanoscale crystalline materials and nanoresonators.
In this letter, we report the effect of time-delayed external optical injection pulses on singlespecies ZnO tetrapod structures during lasing. Both temporal and spectral maps of the effect of the optical injection pulse on the normal stimulated emission are obtained. This method shows promise for determining the energetic redistribution of carriers and its effect on quenching and gain in free-standing microcavity lasers as well as on the lasing dynamics.
Experiments
ZnO tetrapods are grown with a vapor phase transport process by heating Zn powder to 700º C in a quartz tube furnace with an argon flow of 300 sccm under ambient pressure. The 2 shapes and lengths of the tetrapods are characterized by scanning electron microscopy and optical microscopy. The diameters of the legs of the tetrapods are distributed between 200 and 800 nm, and the lengths of the legs are typically in the range of 10-30 µm. X-ray diffraction and scanning electron microscopy measurements demonstrate the hexagonal wurtzite structures of the legs in tetrapods [8, 9] . The tetrapods are sonicated in methanol to isolate individual tetrapods, and the methanol solution is drop-coated onto quartz or glass substrates.
The experimental setup for the ultrafast pump-probe experiments is presented in Fig. 1 .
Single tetrapods are excited with the third harmonic (267 nm) of a regeneratively amplified Ti:sapphire laser (nominally 150 fs, 250 kHz, 2 µJ/pulse) and probed with a second harmonic (400 nm) pulse. The cross-correlation between the pump and probe pulse is 300 fs. Both beams are focused onto a single tetrapod or a single leg of a tetrapod using a UV microscope objective.
The ZnO spontaneous and laser emission, along with the scattered and reflected light of the probe, are collected by the same objective and spectrally resolved using a monochromator. This light is detected using a photomultiplier tube (PMT) with lock-in detection or a charge-coupled device. Time-resolved pump-probe experiments are carried out by varying the time delay of the 400 nm probe pulse with respect to the 267 nm pump pulse with a computer-controlled variable delay stage, where the intensity of the probe is collected through the monochromator while chopping the pump.
In the optical gain spectrum, the time-delayed 400 nm pulse is employed as an optical injection pulse rather than a probe, which can be regarded as a stimulating pulse. The spectrallyresolved optical gain spectrum is obtained at the selected delay time of the optical injection, while chopping the 400 nm optical injection and collecting the integrated signal with the PMT/lock-in amplifier as the monochromator is scanned. A spectrum is also obtained with the optical injection only and subtracted from the pump/injection spectrum to remove the large scattered signal of the optical injection pulse. The time-resolved optical gain spectrum is acquired by measuring the emission at the wavelengths corresponding to normal laser modes, while chopping and varying the time delay of the 400 nm optical injection. Using these experimental methods, the spectral and temporal changes in the sample under stimulated emission conditions are obtained.
Results and discussion
The emission spectra as a function of excitation intensity for a single leg of a nanotetrapod isolated by the microscope objective are shown in Fig. 2 [10], where n is the refractive index of ZnO and L is the cavity length. This length, compared to the length of the tetrapod species, suggests that the resonator is formed in only one leg of the tetrapod structure. The superlinear increase of the emission intensity is observed at excitation intensities > 12 µJ/cm 2 , where the sharp peaks grow in, as shown in the inset of Fig. 2 (a). The lasing threshold is dependent upon the properties of the tetrapods such as the dimensions, end facet quality, and substrate coupling. A lasing threshold as low as 5 µJ/cm 2 was found for one tetrapod. At low excitation intensities, lasing occurs at the same wavelengths over a range of excitation intensities, implying the exciton-exciton scattering mechanism for lasing. On the other 4 hand, as the excitation intensity is further increased into the electron-hole plasma (EHP) regime, the lasing becomes red-shifted due to the band gap renormalization [6, 11] , as shown in Fig 2(b) .
In order to investigate the ultrafast carrier dynamics during the lasing, time-resolved pump-probe experiments are carried out, one of which is presented in Fig. 3 . The intensity of the pump pulse is 80 µJ/cm 2 , and the carrier density is initially in the EHP regime. At the probe wavelength of 400 nm, the temporal signal maps out the carrier dynamics corresponding to this wavelength. The subpicosecond decrease of the probe observed near zero time is assigned to hot carrier absorption. After a rise time of 1 ps, the stimulated emission by the probe pulse is maximized. The rise time seems to have a close relationship with the formation of the EHP. The buildup of the EHP is a cooling process from hot carriers to a quasi-thermalized system with a cooling time of 1 ps, which renormalizes the band gap and is accompanied by a red-shift [12] .
After the quasi-equilibrium, the carriers follow a biexponential decay with time constants of 5 and 50 ps, which represent the decays of the EHP and the excitonic carriers, respectively [7, 13] .
The optical gain spectrum (solid line) of a single leg of a tetrapod obtained at a time of 2 ps for the delayed optical injection (400 nm) after the excitation (267 nm) is presented in Fig. 4 ; at this time delay the stimulated emission by the optical injection pulse is maximized. The intensity of the pump pulse is also 80 µJ/cm 2 . The carrier density is estimated to be ~5 × 10 18 cm -3 , which is in the EHP regime [14] . The wavelength of the optical injection pulse overlaps with the long wavelength tail of the emission spectrum, and the effect of the optical injection on the total spectrum is examined. Three sharp dips are observed along with a much smaller decrease in other wavelengths, as shown in Fig. 4(a) . Along with the dips, a strong increase of emission appears at the 400 nm injection wavelength. Initially, the injection pulse induces stimulated emission and creates more 400 nm photons, which therefore depletes the carriers near the band gap edge.
To better characterize the effect of the injection pulse on the nanostructure laser medium, the change in the carrier density due to the injection is estimated by the rate of carrier depletion.
If we can assume that complete electronic redistribution occurs, the rate equation has the form
[15]:
where N is the carrier density, S(N) is the lasing emission rate, γ s is the spontaneous emission rate constant, γ nr is a nonradiative rate constant, G(λ,t) is the gain at the optical injection wavelength, I is the optical injection intensity, and hν is the photon energy of the optical injection. Since the pulse width of the optical injection is much shorter than the decay time of the carriers, only the last term of (1) is taken into account for simplicity. When a gain value for thin films of ZnO in the EHP regime is used, 2000 cm -1 at the temporal gain maximum [13] , the change in the carrier density due to the 400 nm optical injection pulse is approximated to be 4 × 10 17 cm -3 for this structure. The narrow depletion of carriers is energetically redistributed by carrier-carrier and carrier-phonon scattering processes [15] [16] [17] . Therefore, the superlinear lasing emission at 390 nm, attributed to the carrier density and its change, gives rise to a distinctive decrease of the lasing even with only a small depopulation of the carrier density. This permits an estimate of the effective carrier density change by the optical injection in our experiments. The dependence of the lasing intensity on the excitation intensity (and therefore the carrier density), similar to the dependence shown in the inset of Fig. 2(a) , is obtained. The change in the lasing intensity by the optical injection at 2 ps is measured at the three lasing modes and compared to the lasing 6 intensities without the injection. The effective loss in carrier density is estimated to be 2 × 10 17 cm -3 for this structure under these pump conditions, which is the same order of magnitude as the change obtained by the model. The modest difference may originate from the assumption of complete and rapid electronic redistribution in the model or a difference in the value used for the gain. However, the results suggest that there is a considerable amount of energetic redistribution within the duration of the injection pulse, which leads to a rapid nearly quasi-thermalized distribution of the carrier densities, but possibly not a totally homogeneous redistribution of states.
For comparison, the time-integrated emission spectrum (dotted line in Fig. 4 ) is obtained with the pump only, and this is presented with the magnified negative value of the gain in the inset of Fig. 4(a) . Both the emission and gain spectra have peaks at the same wavelengths, proving that the dips originate from the longitudinal modes of lasing. It is worth noting that the peaks in the gain spectrum are narrower than those in the emission spectrum. The lasing is more distinctive in the gain spectrum due to the superlinearity of the lasing, whereas photoluminescence and amplified spontaneous emission contribute to the emission spectrum even in these lasing tetrapod legs due to the intrinsic low reflectivity of the end facets of ZnO nanowires (20 %) [6] . When the lasing is predominant and the photoluminescence and amplified spontaneous emission are scant, as shown in Fig. 4(b) , the gain spectrum exhibits almost an identical spectral shape to the emission spectrum. Therefore, this optical gain spectrum can be used as a novel method to distinguish the lasing from other emissions.
The ultrafast lasing dynamics of single lasing ZnO tetrapods can be investigated using the transient effect of the optical injection on the spectral gain, which is presented in Fig. 5(a) . The temporal profile at 391 nm represents the lasing dynamics of this lasing mode, which is probed as the delay of the injection (400 nm) is varied. The decrease of the lasing is faster than the carrier density decay of the EHP, as shown in the inset of Fig 5(a) . In order to understand the temporal profile of lasing at 391 nm, the rate equation for a semiconductor laser is employed, which has the form [18] :
where P is the photon density, g(N) is the gain, N is the carrier density, γ includes the internal loss and end facet loss, and R sp is the rate of spontaneous emission. Because the intensity of the spontaneous emission at the lasing wavelengths is much smaller than that of the lasing, only the (2) is taken into account for the simple estimation. With the assumption that γ is independent of the carrier and photon density, the best fit is obtained with rise and fall times of 1.0 ps and 1.1 ps, respectively, as shown in Fig. 5(b) . The fall time of the lasing is much faster than the EHP decay, primarily due to the superlinearity of the emission gain in the lasing, which is strongly dependent upon the carrier density. The full width at half maximum of the lasing duration time is 3 ps, which is, to our knowledge, the shortest lasing generated from such microcavity lasers [19] .
Conclusions
Lasing is studied in the individual legs of ZnO tetrapods by the novel method of pump/optical injection as well as pump/stimulated emission probe spectroscopy. The spectral changes in the emission due to an injection pulse show a large increase at the injection wavelength and a distinctive decrease in the longitudinal modes of lasing. This decrease by the optical injection pulse is used to estimate the electronic redistribution rate of the structures and the lasing dynamics. It can be concluded that a considerable amount of energetic redistribution of 8 the excited carrier population occurs within the duration of the injection pulse. The fall time of the lasing is much faster than the carrier decay time due to the superlinearity of the lasing, which is related to the carrier density. experiments. The fundamental 800 nm beam was generated by a regeneratively amplified Tisapphire laser, which is doubled and tripled to obtain the probe and pump beam, respectively.
Figure captions
The inset shows an optical microscope image of a ZnO tetrapod. 
